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Abstract

A prlarizuf 13C[argct has been dcvclopcd and user.1 10 mcusurc spin
obscrvahlcs for 5(N)-McV p - I SC ~laslic s~ailcring. The malcriul WiiS

13C2H~02, cnrichcd to 99% in I .icm B~lh (hc 13C: iindclhylcnc glycol,
1 ii spins were dynamically poliirizcd in a 3Hc refrigerator til 2.5-T
mtignclic field. The polurizalion O( ho[h spccics was mcusurcd by using
lhc NMR Ihcrmal equilibrium culibraliorr Icchniquc. in ufdilion, Ihc
polurizu[ion of 11{ was indcpcndcnlly measured by p-p scalkring. Wc

dcscritrc Ihc Mrgcl and report on ihc polarizations oblainc(.1 find lhc
4cpcnticrrcc of Ihc polarizations 011 irricgratcr.i beam intensity.

Introduction

Ilisloricvlly lhc primary effort in poltirizcd Iargcl malcrial dcvcl -

opmcrrt hiis focused on drlaining ma[crifils for polarized 1 Ii ~n~l ~[] [argcls.

This sclculcd conccnlratiorr has hccn driven try [hc need 10 measure

imporlunt spin -dcpcndcnt ohscrvahlcs for bo[h Ihc nucleon - nucleon ilnd

pion - nucleon progrurns. As !hc N - N in[crac[ion htis bccomc hc[tcr

undcrsloodt a lhcorcl ical cfforl hirs hccn rnounlcd, lhal ulilixcs an

QLJMLhx nu~lct)n - nucleon inlcruclion [0 dcsurihc nuclcur physivs (,4 > ?.)
phcllonlcnti. Sonic Ihcorcli cdl II I()(ICIS’J2 inuorporuling ir rcl:llivislir

Ilillllillolliilll hil VC SIIOWI1 lh21 vtirious ohscrvablcs involving a polari7cd

nucl:stir [;lrgct (A > 2) urc imporltinl h~~tiilsc Ihcy Ics[ the underlying

ilSSlllllpli(lll S 01 111(’ mo(lcl. As iI rcsul[ of Ibis in[crt-s[ a p(lltiri7.cd nu~’lc;lr

l:lrgrl program (A > 2) has hccn iniliulrd al [. AM PI;.3 P4

‘1’hr firsl cxpcrinlcn[ of’ this progrillll, 1;-0552, WilS elastic S(illlClillg 1)(’
5(]()- fvIc V polilri/.cd proil)ns from iiII N-Iypc vcr[ic~]ly pl)luriz.d 1 ‘(’ lillgC1.

‘1’IIc nigh Rc:dulion I)rolon Spcc”lmmclcr (Illt!+) wiIs usd Ii) nlrflsurc [w{)
111’w spin l)l]srrv;lhlcs the lnrgcl titliily~.111~ power, A on! :In(l Ihl’ hl’;llll

l;ltgcl spill c[)rrcl;~lil)n p:lr:llilc[rr, A nn. Wc dcsrrilw 111(-lilr~:~t :IIId rcp)lt

t)ll I)rclilllillury pt)l:lrilillit)ll ,,”sulls.

‘1”111’Iill}!Cl I)tll,)l”iz;llitill Wil S Cllllillll’C(l ll~liillllil’illly ill ?.5 ‘1’ lllil~!ll~ll(”

l’il.ltl ill ii ‘11(’ 11’ flljl(’lilll)i’, ‘rh(’ I:llj!rl lllill~liillf W:ls ~)~) ;Ilt)lll ‘x 1 I(,

Clliitllt.d rllIylc II.. K] L (II,
79

I ‘(q)ll(, ()~, dtll)ctl with Illc [)illtl lllil~!lll’lil rolllplrx

I’. III1A (’I(V) (’)x10 rlrrlrtltls/(111 ~). ‘1’llc Ill:llclidl w;l S in 111(” It}llll t)l j!lilSSs

I)t’d(is ;IIM)II1 I .5 11111] III {Ii;lllll.lcl, ‘I”IIC volllllil” t)!” IIIC lylilltllit:ll l:ll~!cl w il \

1.() 1’111’ illl(l 111(” ;Iais 1)1 111(’ Iill)!Cl WilS I)illilllCl 10 111(. I’ICIII {11 il (’ Iv[)(.



clcclrornagnc[. The cII”u. vc [hickncsscs ot 13(T iIII(l 1II were 2X”) IIIg/Cm2

and 66 mg/cm2, rc!; pcclivcly.

‘ro keep [hc overall energy resolution hclow 1 NIc. V (f: Wll M,, which

was ncccssary 10 resolve [hc clas[ic pcuks of pro[ons sutii[crcd Iron) 1 ~(’
iind ‘ ‘O, Ihc mus:, surrounding [hc ttirgc[ was rcduccd 10 n minimum. The

only mclul wtis lhc thin copper microwave cuvi[y. A prolon (If’ 50(I McV I{JSI

mosl 0[ i[s energy in [hc [urgc[ rnaicrial (uhouI 1.7 McV) and in the sur-

rounding liquid ~llc (2.4 McV).

An NMR coil was wound tiround Ihc l:l; l) Iargc[ holder, so illa[ IIIC
incoming and scwlcrcd particles did nol intcrac[ wiih it. 130[h [hc 1 3C tind
I t{ NMR signals WCrC measured wi[h lhis coil; lhc sys Icm continuously

altcrnaicd hc[wccn [hcm. The prmon NMR circuit wus Ihc I.; vcrpool-ty:w

series Q-mc[cr6. The small 13(7 [hcrmal cquilihrium signtil wirs measured
wi[h il hridgc-type circuilv. The bctim spot on [hc lurgcl was 5x10 mn12. It

was kcp[ s;lall~r than [hc cross

possibil![y 0( syslcmalic error in
13ccuusc of lhis and Ihc location of

scnsilivc 10 poldrizal ion changes

from the high beam inlcnsily.

Target

scclion of lhc lnrgc[ 10 rcduuc Ihc
dclcrmining ctl’cctlvc Iurgcl ;hiukncss.

the coil, the NMR mciisurcmrnt was HOI
caused by Iocaliz. c(.i rwlialion d;lmugc

poltiriza( ion

m polarization of boll] nuulci was calihralcd by mcosurlng [heir

[hcrmti] c(~uilibrlu,m signals near 1 K. Typical observed cnhanccd polar-
i/.uli(ms were for l.1[~ (+~~ ~ 2)% and (.29 1 2)% iu]d for 1II (+tll 1 2)% illld

(-H3 -L 2)%.
NMR wos UISO used 10 chcuk whc[hcr or noi lhc rqudl spin lcmpcr-

;Ilurc (liST) tissump[ion~ wiIs vulid. I:or lhcsc spin- 1/2 nuclei IIIC p(Jlur-

il;tlion cull lx cxprcssd in Icrms (J1’ an cll’culivc spin l~lllp!rillurl’ ( 1“s),

/’ = [anh(p}l/kllTs), (1)
where p is Ihc nuclcdr nl; lgnclic Illolllclll, II is IIIC I“icld ill which IIIC

dylliilllil’ cooling [ilk~s l~lil~~ UI1(I kl~ is thc 11011/111;11111 CollSlillll. 111 l:i~, 1 is
I ~(’ ;lnd I II versusshown Ihc invcrw I)uclctir-spin lclllpcrillurc S ot” lin)r

during J polilri/;llil)ll l’lltlilll L’Clll Clll. ‘l’Ill’ spin lCllll)l’Till UrCS wcrr

(’;llculolc(l using q. ( I ).

(1 I [) > (1 “10 4(1 !)()

1111111 (111111)

1’1)! I 1’11(” Cvl)llllll)ll :)1 / \ I 101 ‘ ‘(’ ;111(1 I II ;1% {1(”(1111(”(1 110111111(”

[)01; 111/; 111011” vJlll(”\ (1111111}! polilll/; lllllll (“1111;111( (“111(’111



The spin I;iilicc rclaxdl ion limes (7-I) t-or holh nuclei were also
n]c;lsur(’11 :11 I K tin,i found 10 bc close [() cautr o[hcr, tis cxpcclcd if 11S’1’
!i(lld S. ‘IL) wilhin Ihc accuracy ()! the NMR mcasurcrncnts (~2%), wc

conclude from lhc rcsulls of the spin -lal[icc relaxation and poltiriz:lti on”
cnhdnccnlcrll mciisurcrncnts [htil EST is valid fur (his nl:i(Criiil.

The i 1{ p(lliirizilliorl wiIs indcpcncicnlly mcusurcd un(i monitored”
during lhc uoursc of lhc cxpcrirncnl by using p-p cl:is[ic sc;ittcrillg
poltirimctcr. An indcpcndcni mcasurcmcn[ wiIs possible sIncc A on, imd A ~,i
tor i)-p citistic s~iitlcri[]g i)avc been iiccuralcly mcosurcd in previous
cxpcrinlcnls. For ti)is cxpcrimcnl mctisurcd p-p scitllcring asymmetry an(i
known A on an(i A ;ln aiiow us 10 calcuitilc Itirgcl i>roton” poiuriyalion. ‘1’ilc
nloni(or” systcm uonsistcd 0[ two (ictcc Ior arms IIId(ic up of w irc chami)crs
il 11(i scilltilidlors. Ttl c drms (iCtcctc(i the forward -scaltcrc(i higil -
Illon]cntunl proton in cl)incidcncc with 1}14! conjugalc iowcr n,onlcnlull]
proton” i][ 46° cm. For some irngics {ilc IIRS wtis LIiso usc(i I() dc[crminc tile
proton [iirgct poiari/. uliol: Jn(i ctiiibratc (hc [argc( poltirimctcr.

iII l;ig, 2 is prcscnlcci lhc f:fi”c~l of the beam-inciucc(i ro(iitilion (iiit]]ii~(’

(In Iilc tiil’gcl-i)rolol)” imlarizu(ion as measured by IiIC turgci i)oi:irin,ctcr.
‘i’iIc (i~ta were uflcr IiIC fourth annciriing, wilich wiIs done wilcn 1,4x101 4
ilrolons/cn12° i]:i{i gone thmugi] tile target. [;or ti~csc dtild oniy about i 5%
oi” [tic n]onitor” events hilvc been antilyz.cti.
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t. . !’~()!t)II p(!l;iri~:ill{)ll ticlx’IIticHLL’ {)11 itl!l’gr:ll(.ti !)(’:!!1! ()!! [!!C

I; II}:c I ‘i’hr i)ol; lli/41ioll” I.;Is I)CCII ltlc;isu:c(i with Illc i) p IJII:CI
pol; llll)lclrl ‘i’W(J iii<S lllCilSlll l’lll Clll S ;11(’ :li S() SII(JWII.

II}!, \ \lIowS IIOW lt)\clls)tivc IIIC Nhll{ III LS;ISIIIL’llll’lll W:IS to lll:lll/:(ss ill 111(’

I; II):(I l)oi; II I/all II III wII(.11 t(IItIl):IIL’(iIt) tiI;It111(.;lsllr(.(i I)y ]) [) s(;lll(.litl)[
1’11[’ ~l;ll;l ])01111s W(’1(’ oi)l;lltl(’(i i)y :ivcril}:itl~ Illr [) 1) S{ ’illl Cflllf: (i:ll:l 01
NMR (i;II,I OV(.I i!) III II IIIIC titllr Itllcrvills. ‘i’lIL- Ill(ltlilot (i;II;I lIJV(’ II(lt I)(SL’ll

ll(lllll; lll/cli ,() iii<s W’1111 ili}~l)lly Ill:l(il:llr(i (09xlol~” plol(ll)s /(111,’)

111:11(’hill, III(. NAII{ :IIIti 111{S ttIL’iIh II IV II It. IIt\ iIXIt.c ~lill wllhill (’Ii(II\ 1’11{”

;I}’,l(’(’1ll(” 111 ()[ Ill(” \{” [W() Iolilllv Il)(i(’l)(” ll(i[’111 111(’;l\lll(’111(’ill\ \lil)\l illlll; 11(’\

111(’ ( It’(lll)lllly (11 II\ ItI)! Nhll< Ii) (i(’1 (.111111)(. 1:11}1,(+1 lMIl;I II/:111(111 “1’tI(. 1,1( t ltI,Il

11)(” N’hll{ l(\llll\ (11.; l}!l[. (’ W’lltl Illc \( ,111( ”1111)[ (i,llil \\ll(’11 I;l(il:ll loll (i; llll; l}t(’

l\ 1)1(. \(”lll (l(”lllo ll\ll; ll[’\ 111;11 ;1 \(’ll(lll\ \\\l L’1111111( (’11(11 l\ l)()\\ll)lc Illl(i,l



[hcsc ~(~ndllions. Onc mc[hod of possibly reducing [his error would b~ to

imbcd the NI\l R coil dircc(ly in the rnatcrial where [hc beam in[cr~cts,

Iiowcvcr, when an cfforl is made tO pcrfom as accuralc an cxpcrirnclit us
prac[ical, ihcsc results imply (ha( a nuclear sca(~cring mcasur:mcn[,
indcpcndcnt oi NMR, should bc employed. For the present cxpcrimcnt, [hc
ttirgct ] H pcrlariz,alion was measured by p-p sca[[cring, and since EST hiis
hccn demonstrated iis valid, the ‘ 3C p91urizalion can bc obldincd.
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Fig. 3. Prwtun polarizatiorl dcpcndcncc on in(cgra[cd bciiIll
measured wi[h the NMR, p-p Iargct pol;lrimctcr, iInd IIRS.

Radiutiori resisliviiy of W211602

‘l’tIL!fl Ux of 500-MCV” pro[ons” WJS 111CiISUrCd wi h an it)n Cilillllbcr

downs lrcdm () f (IIC largcl. The cxpcrimcn! typic ;{lly run with d I) CJIII

Clli”rcnl of 5 Ii) 30 pA dcpcndin-g on Ihc sutittcrii]g tiIIglc. Ttlis is ii

rclutivcly high bcunl in[cnsity for iI ,solid-slirlc poluriz,c~l I:!rgc[. The

$L’iilIlllllcl)\L’ . L’:lllscd r;]dii!l ion dilnlilgc illld dCL’ily of lhc p(ll;lrizulion. ‘1’llr
p[:l;lri/, illion cou!d hc rcslorcd by illlll CUlll)~, ‘1’his W;ls done by Wilrll)il)g

Ihc IIldl(’r iill I() 180 K for tibou[ ii nlinutc, A1’tcr scvctl illlll Cillillg S ltlc

Illilll’rl:l! W:ls Ch;ll]gcd,

If wc USSUIIIC lhdl Ihc poidri/,; iii(m dccuy obeys lhc sil]lplc forll)()
p(o) = /)ocxp(-$$/f$,,),

wl]~r~
(2)

p(~l) is IIIC j)ol;iril;lli(lll ii fl (’r irrudi:lll(m wilh 0 I)rf)lorls prr C’1112,p,)
is IIic iilili;il ih~l:i 11/:11 ioIl, iillil flo is Ihc ch;irii([crisiiu fliix f}r i]t]l;lril,iiit~ii
10 (j(’[’11’:l\(” I)y 1/1’: ill~ll I“lolll IIIC 1) 1) [ill~I(’i ~)oliililll(’1(’1” (jiliil, }!() (’;111 1)(’

(’\lll( 1(”(!, Wc ol)iililll’(1 for illc [)osilivc ;111(1 Iil.l!;llivr pol; lliz,; llioll, ”

(\, )(t ) -- (7.() 1 (~.fI)x l(Ji4 l)roion’~/(rli J” ,

$)()( ) (Xf) I ().7)X lot ~ plol(lll+’1ll. ”

Ill ‘1’;ll)ll” 1 11!(’ (1(.1)(’tI(lcsllL(’ 1)1 ill(’ spill Iililicc 1(’lilxilli(lll lil])cs (1 i ) (111

111(’ iol; ll ])loi(~ll 1111X 011 ItIL’ iill}!Ci IS 1)1CSClli C(l. ‘I’ll C’il’ Iill)(.k II:IV(’ 1}(’(’11

( iIl( IIl;i IC(l I’10111 Nhll{ II IC;ISIIICIIICIIIS ill I K :111(1 1’1(’1(1 01” ? \ “i’. ‘1’llc Ic( I)lli(ltl(”

ilsl’(1 Wiis 10 \ll):hily (’III IJIIL’(’ II)(’ pol;llli;ilioll” Wllli Iill( I(lwilv(”s ;111(1 Illcll

111{’;l\il I(’ [II(’ poldll/:lil\)ll ({(’(”(t\ iII 11s Illc’llll;ll ~.illlililllitllll,



‘rirblc 1.

Spin -iiitticc rclaxa[ion limes at I K and 2.5 T V.S pro[on flux.

P () I Tl(’tl)(min) T~(13C)(nlinJ Flux (10] 3 prOlons/cn12)
7.9 g~ O
8.? 8.1 ~ 1
7.3 7.3 =1(*)

+ 9.? 9.3 ,= 1(*)

(*) uflcr 7[h unn(:illing when the Io[til IIux wtis 1x 10”4 proton s/cn12.

T() explain the dill’crcncc in lhc Ctltiri\Ct Crislic rdditilion lluxcs 0()( + )

find 00(-) us well as rclaxillim limes Tl (t) and T] (-) wilhoul clcc(ron

pararnirgncllc rcsontincc mcasurcm~n[s is dii’ficult. Onc cirn postul:ltc [bat
lhc ~-f:{c[or of (11c rudiuli On-prwiuccd radicals (pvrill~lilgnclic ccntcrs) is
l~rgcr (him ibtit of Cr(V). As ‘i rcsull, [hey ovcilup asymmc;rically so (but
[t Icy do not equally in fiucncc ho[h cnhanccmcn[s. This type of un cffcc(
hos been rcporlcd in iil~ohol-biiscd” ttirgc[ matcritils9 ~

Conclusion

‘rtlc I I ~ (~rgc( USCdSuc:css () f Ihc polarized for E-OSf h;~s
dcmonslrtiicci (hc fci. isibili[y of developing poli.iriycd nuclear Iargcls for’

I 3C and I 1{ is a validU:;c in medium energy research. EST bc6wccrl
2ssun]i>tion ft~r cihylcnc glycol target malcrial. The cbaroctcristic f’l~if 01
pro[ons” for polari7.uli Orl I() kcrcasc by l/c In Itris mtitcriiil is for posillvc

cnh;irrccrn( .I1 (2,() :k ().6)x1()1 ‘$ protor,s/cm2° dnd for ncg:itivc cnh;lncc-

mcnt (8. (’I i ().2)x lo’s proton s/cm2. Cure must bc Iukcn whc II using NMR 10

measure Ihc lurgct polari7.uiion” when high bcm in!cnsiiy and Slllilll bC;llll

silt ii. C uM-G ill ii s;stcmulic error Ill;ly bc introduced.
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